Purpose The inverse relationship between cigarette smoking and endometrial carcinoma risk is well established. We examined effect modification of this relationship and associations with tumor characteristics in the National Institutes of Health-AARP Diet and Health Study. Methods We examined the association between cigarette smoking and endometrial carcinoma risk among 110,304 women. During 1,029,041 person years of follow-up, we identified 1,476 incident endometrial carcinoma cases. Multivariable Cox proportional hazards regression models were used to estimate relative risks (RRs) and 95 % confidence intervals (CIs) for the association between smoking status, years since smoking cessation, and endometrial carcinoma risk overall and within strata of endometrial carcinoma risk factors. Effect modification was assessed using likelihood ratio test statistics. Smoking associations by histologic subtype/grade and stage at diagnosis were also evaluated. Results Reduced endometrial carcinoma risk was evident among former (RR 0.89, 95 % CI 0.80, 1.00) and current (RR 0.65, 95 % CI 0.55, 0.78) smokers compared with never smokers. Smoking cessation 1-4 years prior to baseline was significantly associated with endometrial carcinoma risk (RR 0.65, 95 % CI 0.48, 0.89), while cessation C10 years before baseline was not. The association between smoking and endometrial carcinoma risk was not significantly modified by any endometrial carcinoma risk factor, nor did we observe major differences in risk associations by tumor characteristics. Conclusion The cigarette smoking-endometrial carcinoma risk relationship was consistent within strata of important endometrial carcinoma risk factors and by clinically relevant tumor characteristics.
Introduction
The association between cigarette smoking and endometrial carcinoma risk has been evaluated in numerous epidemiological studies [1] [2] [3] . A decreased risk of this cancer has consistently been observed among ever smokers, with fairly uniform evidence of greater risk reductions among current as opposed to former smokers. In the few prospective studies that have explored quantitative metrics of cigarette smoking including duration, intensity, age at first use, and time since cessation among former smokers, relationships with endometrial carcinoma risk have been less clear [4] [5] [6] [7] [8] . Although current smokers have a lower overall risk, longer duration, greater consumption, earlier age at initiation, and less time since cessation-factors that usually correlate with currency of smoking-do not produce dose-response declines in endometrial carcinoma risk. The lack of a dose-response relation in prior work may be a result of limited numbers of cases; alternatively, the effects of cigarette smoking on endometrial carcinoma risk may not be not linear. Case-control studies of quantitative smoking metrics have reported reductions in endometrial cancer risk associated with long duration and high intensity, but assessment of smoking habits in casecontrol studies is potentially limited by recall bias [1] .
Risk factors that result in higher levels of circulating estrogen relative to progesterone are known to increase the risk of endometrial carcinoma [9] . Cigarette smoking is thought to lower endometrial carcinoma risk through one of several anti-estrogenic mechanisms. First, cigarette smokers tend to be leaner than non-smokers, which would potentially result in reduced conversion of androstenedione to estrogen in adipose tissue. Other potential mechanisms include shifting estrogen metabolism to favor production of 2-hydroxyestrone, which is postulated to be anti-carcinogenic [10, 11] , increases in circulating progesterone [12] , and lowers the age at natural menopause through destruction of oocytes [13] . Interestingly, cigarette smoking is not protective for other estrogen-related cancers, such as breast cancer, and is in fact associated with increased risk of this tumor overall and for estrogen-receptor positive tumors in some studies [14] .
Effect modification, which can be defined as variation in a selected risk factor across levels of other factors [15] , may provide additional clues regarding potential mechanisms underlying the cigarette smoking-endometrial carcinoma risk relationship. Epidemiological studies evaluating menopausal status, body mass index (BMI), and menopausal hormone use as effect modifiers have generally reported stronger cigarette smoking-endometrial carcinoma risk reductions among postmenopausal women, obese women, or menopausal estrogen therapy users [4, 5, 8, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The observation that cigarette smoking is seemingly protective among subgroups of women with presumably higher endogenous estrogen levels suggests that smoking exerts it effects on endometrial cancer risk via anti-estrogenic mechanisms [16, 18, 20, 22] . Fewer studies have examined effect modification by other hormonal and non-hormonal endometrial carcinoma risk factors, including age at menarche, parity, oral contraceptive use, diabetes, and physical activity. In addition to effect modification of the cigarette smoking-endometrial carcinoma relationship, associations between cigarette smoking metrics and endometrial carcinoma tumor characteristics may provide additional etiologic clues. Here, we prospectively examined the association between cigarette smoking and endometrial carcinoma risk within strata of endometrial carcinoma risk factors and by clinically important tumor characteristics.
Methods

Study population
The NIH-AARP Diet and Health study has been described previously [26] . Briefly, a baseline questionnaire was mailed in 1995-1996 to 3.5 million AARP members 50-71 years of age who resided in six states (California, Florida, Louisiana, New Jersey, North Carolina, and Pennsylvania) or two metropolitan areas (Atlanta, GA and Detroit, MI). Of 617,119 returned questionnaires, 566,398 were completed in satisfactory detail. We excluded study participants whose baseline questionnaire was completed by proxy (n = 15,760), were male (n = 325,171), had prevalent cancer other than non-melanoma skin cancer before baseline (n = 23,957), reported a hysterectomy before baseline (n = 82,107), had unknown hysterectomy status (n = 2,927), menstrual periods that stopped either due to surgery (n = 1,830), or radiation or chemotherapy (n = 117). We also excluded women who died or moved out of the study area before study entry (n = 12), those who developed non-epithelial endometrial cancer (i.e., uterine sarcoma) during follow-up (n = 47), women with missing smoking status (n = 3,338), and women with extreme values of BMI (BMI \ 15 kg/m 2 or BMI [ 50 kg/m 2 , n = 828), leaving a baseline population of 110,304 women.
Between 1996 and 1997, a second questionnaire, which assessed menopausal hormone therapy (MHT) in greater detail, was sent to participants who did not have selfreported colon, breast, or prostate cancer at baseline. Approximately 64 % (n = 70,826) of eligible baseline participants successfully completed and returned the second questionnaire and contributed to analyses examining MHT use.
Cohort follow-up
Addresses for cohort members were updated annually in response to information provided by the participants and through the National Change of Address database. Vital status was ascertained using the U.S. Social Security Administration Death Master File, the National Death Index, cancer registry linkages, and mailing responses. The NIH-AARP Diet and Health Study was approved by the Special Studies Institutional Review Board of the U.S. National Cancer Institute, and all participants gave informed consent by virtue of completing and returning the questionnaire.
Cigarette smoking and covariate assessment
The baseline questionnaire queried participants on current smoking status, when they quit smoking, and the number of cigarettes smoked per day. Participants were considered ever smokers if they had smoked more than 100 cigarettes during their lifetime. Ever smokers were asked to record their typical daily cigarette consumption using 6 categories (1-10, 11-20, 21-30, 31-40, 41-60, C61), which we collapsed into B20 (1 pack) versus.[20 cigarettes per day. Women who had stopped smoking within 1 year of baseline were considered current cigarette smokers. Time since smoking cessation was grouped into 3 categories (cessation 1-4 years before baseline, cessation 5-9 years before baseline, and cessation C10 years before baseline). Assessment of cigarette smoking on the questionnaire has shown high reproducibility (r = 0.94) and validity (r = 0.92) for women relative to serum cotinine levels in previous methodology studies [27, 28] .
Other covariates assessed by the baseline questionnaire included weight and height at time of questionnaire completion which were used to calculate BMI as weight in kilograms divided by height in meters squared (kg/m 2 ). Frequency of vigorous physical activity was defined by how often women participated in exercise, sports, or carrying heavy loads that increased sweating, breathing, or heart rate and lasted C20 min. Participants were additionally queried on age at menarche, number of live births, menopausal status, age at menopause, oral contraceptive use, and history of diabetes. Because information on the regimen of MHT use was not available at baseline, we used information collected by the second questionnaire administered between 1996 and 1997. For each formulation (estrogen only, estrogen plus progestin, etc.), women reported dates of first and last use, total duration of use, usual dose, and the name of the pill that they took for the longest time. Based on previous analyses in this cohort [29] , we categorized MHT use as no MHT, estrogen only, sequential estrogen plus progestin (progestin component delivered \15 days per cycle), continuous estrogen plus progestin (progestin component delivered C15 days per cycle), unknown MHT regimen, and unknown use.
Endometrial carcinoma case ascertainment
Incident cases of endometrial carcinoma were identified through probabilistic linkages to cancer registries in the eight states of the cohort as well as three common states of relocation (Arizona, Nevada, and Texas). Identification of cases by cancer registry linkage is reported to be 90 % in the NIH-AARP cohort [30] . Histology was defined using the International Classification of Diseases for Oncology (ICD-O 3rd Edition). Endometrial carcinoma cases with the following histology codes were included for analysis: endometrioid (8, 380, 8, 382, 8, 383) , mucinous adenocarcinoma (8, 482 ) adenocarcinoma (8,140, 8,210, 8, 
Statistical analysis
We used multivariable Cox proportional hazards regression models to estimate adjusted relative risks (RRs) and 95 % confidence intervals (CIs) for endometrial carcinoma risk associated with detailed smoking variables with age as the underlying time metric. All regression models used never smokers as the referent group. Follow-up time began at the age at which the baseline questionnaire (for the main analyses) or the second questionnaire (for analyses related to formulation of MHT) was received and scanned and continued through the earliest of the following dates: participant diagnosed with endometrial cancer, moved out of her registry catchment area, died from any cause, or 31 December, 2006. Models were adjusted for race (White, non-White), age at menarche (B12, 13-14, C15), BMI at baseline (\25, 25-29.9, C30 kg/m 2 ), parity (nulliparous, 1-2, C3), age at menopause (premenopausal, \45, 45-49, 50-54, C55), oral contraceptive use (ever, never), MHT use from the baseline questionnaire (never, ever), history of diabetes (no, yes), and frequency of vigorous physical activity (never/rarely, 1-3 times per month, 1-2 times per week, 3-4 times per week, and C5 times per week). MHT use from the second questionnaire was categorized as previously described.
We assessed effect modification by creating multiplicative interaction terms between the smoking variables and each endometrial carcinoma risk factor namely, race, age at menarche, BMI, parity, oral contraceptive use, menopausal status, age at menopause among postmenopausal women, MHT use, history of diabetes, and physical activity and calculating a likelihood ratio test statistic comparing models with and without the interaction terms.
Smoking associations were also evaluated by clinical characteristics of the tumor, namely histology (Type I, Type II) and SEER summary stage (localized, regional/distant). As defined in a previous analysis [31] Type I tumors included endometrioid, mucinous, and adenocarcinoma histologic subtypes. Within the Type I category, we also conducted analyses examining risks for low-grade endometrioid and high-grade endometrioid tumors, which have been identified as having distinct etiologies [32] . Type II tumors included serous, clear cell, mixed cell, small cell, and squamous cell tumors. Models predicting risk for one subgroup while censoring the other subgroups were analyzed. To test for statistical heterogeneity in associations between smoking and endometrial tumor characteristics, case-only logistic regression models were used with histology type or stage as the dependent variable. In these logistic regression models, we adjusted for the same covariates included in the Cox proportional hazards regression models and additionally adjusted for age at enrollment and person years to account for duration in the cohort.
The proportional hazards assumption was tested for the smoking variables and covariates by including interaction terms between the time scale (age) and each variable and calculating a likelihood ratio test statistic. The assumption of proportional hazards held for all variables (p [ 0.20). All analyses were performed using SAS 9.3 software (SAS Institute Inc., Cary, NC) and a p \ 0.05 was considered statistically significant.
Results
Among the 110,304 women who completed the baseline questionnaire and were eligible for analysis, 1,476 incident Table 1 . At baseline, 45 % of women were never smokers, 38 % were former smokers, and 17 % were current smokers. Compared with never smokers, current smokers tended to be younger at baseline and were more likely to be White, normal-weight, have younger ages at menopause, use oral contraceptives, and were less likely to be current or former users of menopausal hormones. Of the 40 % of current smokers who reported any MHT use, 18 % reported continuous estrogen plus progestin use, 11 % sequential estrogen and progestin use, and 8 % estrogenonly MHT. Table 2 shows the distribution of detailed smoking variables among endometrial carcinoma cases and noncases and multivariable-adjusted RRs associated with endometrial carcinoma risk. Endometrial carcinoma incidence was lower in current (RR 0.65, 95 % CI 0.55, 0.78) and former smokers (RR 0.89, 95 % CI 0.80, 1.00) compared with never smokers, and the difference between current and former smokers was significantly different Effect modification of the cigarette smoking-endometrial carcinoma risk association is shown in Fig. 1 . The association between smoking status and endometrial carcinoma risk was not significantly modified by any endometrial carcinoma risk factor examined in our analysis. A suggestion of an interaction for menopausal status was observed (p interaction = 0.08); among postmenopausal women, former (RR 0.84, 95 % CI 0.75, 0.94) and current smokers (RR 0.60, 95 % CI 0.49, 0.72) had significantly reduced risk of endometrial carcinoma similar to the main analysis. Although not statistically significant, the reverse trend was observed for former and current premenopausal smokers. Additionally, we observed differences in the strength of associations between current smoking and endometrial carcinoma risk in analyses stratified by BMI, but these differences did not reach statistical significance (p interaction = 0.10). Table 3 shows associations between smoking status and endometrial carcinoma risk by clinically important tumor characteristics. Tumor grade and stage were missing for 7 and 33 % of cases, respectively. Current smoking was inversely related to risk of Type I (RR 0.71, 95 % CI 0.58, 0.87) and Type II endometrial carcinomas (RR 0.38, 0.16, 0.89). No significant difference between the two subtypes was observed (p heterogeneity = 0.14). In analysis of specific histologic subtypes of the Type I category, we noted that current smoking was significantly associated with risk of low-grade endometrioid tumors (RR 0.61, 95 % CI 0.46, 0.82), but not high-grade endometrioid tumors (RR 1.04, 95 % CI 0.54, 2.00); however, this difference was not statistically significant (p heterogeneity = 0.34). Similar to the main analyses, current smoking was inversely related to localized tumors (RR 0.63, 95 % CI 0.48, 0.82) and regional/distant tumors (RR 0.56, 95 % CI 0.32, 0.96, p heterogeneity = 0.92).
We examined effect modification of the years since smoking cessation-endometrial carcinoma risk relationship by collapsing the categories cessation 1-4 years prior to baseline and current smokers into a ''recent smokers'' category given similar estimates of effect in Table 2 . We also combined cessation 5-9 years prior to baseline and cessation C10 years before baseline given similar effect estimates and small numbers of cases in these categories. Again, menopausal status was the only factor suggestive of modifying the relation between years since smoking cessation and endometrial carcinoma risk (p = 0.09). Among a Associations were evaluated for subgroups defined by histology/grade and SEER summary stage using models to predict risk for one subgroup. Cases of other subgroups were censored at the time of diagnosis b Adjusted for race (white, non-white), age at menarche (B12, 13-14, C15), BMI (normal, overweight, obese), parity (nulliparous, 1-2, C3), oral contraceptive use (never, ever), age at menopause (premenopausal,\45, 45-49, 50-54, C55), menopausal hormone use (never, current, former), diabetes (never, ever), physical activity (never/rarely, 1-3 times/month, 1-2 times/week, 3-4 times/week, C5 times/week Table 2 ).
Discussion
Our large prospective study including more than 110,000 women enrolled in the NIH-AARP Diet and Health Study Cohort showed that current and former smokers who recently quit had significantly lower endometrial carcinoma risks compared with never smokers. The effect of cigarette smoking on endometrial carcinoma risk was not significantly modified by any endometrial carcinoma risk factor; however, there was a suggestion that menopausal status modified the association, with lower endometrial carcinoma risk among postmenopausal but not premenopausal smokers. Furthermore, we did not observe heterogeneity in risk estimates according to endometrial tumor characteristics. Imbalances in the sex-steroid hormones, estrogen and progesterone, are strongly related to development of endometrial carcinoma [9] . Exposure of the endometrium to high levels of estrogen in the absence of progesterone is postulated to result in increased cellular proliferation and higher rates of mutation, potentially leading to malignant transformation. As such, factors that increase estrogen relative to progesterone are associated with increased endometrial carcinoma risk, whereas factors that lower estrogen relative to progesterone are thought to be protective. As observed in other prospective investigations [4-6, 8, 33, 34] , current cigarette smoking was inversely related to endometrial carcinoma in our cohort which has led some to hypothesize that cigarette smoking is anti-estrogenic [35] [36] [37] . While endogenous estrogen levels have not been shown to vary meaningfully between non-smokers and smokers [12, [38] [39] [40] [41] [42] [43] [44] [45] , alteration of estrogen metabolism, which mainly occurs in hepatic tissues, may be related to cigarette smoking. As opposed to 2-hydroxyestrogen, 16alpha-hydroxyestrogen stimulates cell proliferation and has been found to be related to higher risk of breast and endometrial carcinomas [46] [47] [48] . Among smokers, increased clearance of 16alpha-hydroxyestrone has been observed, which may explain the inverse association between cigarette smoking and endometrial carcinoma risk [11, 49] . The paucity of studies exploring relationships between estrogen metabolites, cigarette smoking, and endometrial carcinoma risk warrants additional investigation. Some have speculated that cigarette smoking is related to endometrial carcinoma risk through relationships with other known risk factors for the disease. As such, we assessed effect modification of cigarette smoking and endometrial carcinoma risk by other endometrial carcinoma risk factors. Smoking-associated risk of endometrial carcinoma did not differ significantly by any endometrial carcinoma risk factor examined in this study, although we did observe possible differences between premenopausal and postmenopausal women. Our finding that smoking reduced endometrial carcinoma risk among postmenopausal women is in line with previous studies [8, 18, [50] [51] [52] [53] . The exact mechanisms underlying a protective effect in postmenopausal women are unknown; some have proposed that cigarette smoking has direct toxic effects on the ovaries, resulting in progesterone deficiency, consequently producing a higher estrogen to progesterone ratio leading to endometrial cell proliferation [8, 54, 55] . However, others have reported higher progesterone levels among smokers compared with non-smokers, detracting from the plausibility of this hypothesis [39, 56] . Among premenopausal women, we and others [8, 18] observed a nonsignificant increase in endometrial carcinoma risk associated with former and current smoking. The small number of premenopausal women in this cohort likely resulted in limited power in detecting an association in this subgroup.
We did not observe effect modification by other factors associated with endometrial carcinoma risk. Previous epidemiological studies have reported lower endometrial carcinoma risk among smokers who are obese [16, 19, 22] or menopausal estrogen users [24, 25] while others reported no effect modification by these two risk factors [4, 5, 8, 16-18, 20, 21, 23, 37] . Furthermore, parity [4, [17] [18] [19] [20] , oral contraceptive use [4, 17, 18, 22, 23, 25] , and history of diabetes [19, 20] have not been shown to modify this relationship. The consistency of risk estimates across strata of endometrial carcinoma risk factors may indicate that cigarette smoking lowers endometrial carcinoma risk through a common mechanism regardless of other characteristics related to endometrial carcinogenesis. Whether this common mechanism is anti-estrogenic cannot be determined from our data. Future studies with information on relevant endometrial carcinoma biomarkers will be useful in determining the mechanism through which cigarette smoking lowers endometrial carcinoma risk.
Endometrial carcinoma is a heterogeneous disease and is commonly classified in two broad categories, Type I and Type II. Type I cancers are more common, typically of endometrioid morphology, and are etiologically related to imbalances in estrogen and progesterone. Type II or nonendometrioid cancers, which generally include serous, clear cell, and mixed-cell histologic types, are less common and have been the focus of fewer investigations. Previous studies have proposed that Type II tumors are less associated with hormonal and reproductive risk factors than Type I tumors [31, 32, [57] [58] [59] , whereas a recent, large study performed in the Epidemiology of Endometrial Cancer Consortium suggested that serous and mixed-cell endometrial tumors are similarly associated with the classical endometrial carcinoma risk factors and are not as hormone independent as previously considered [60] . Our exploration of cigarette smoking and risk of endometrial carcinoma histologic subtypes did not provide evidence of major differences between the broad Type I and Type II subtypes or between the more narrow categories of lowgrade endometrioid and high-grade endometrioid, which agrees with previous studies [31, 60] . These observations lend additional support to the hypothesis that cigarette smoking reduces endometrial carcinoma risk by a common mechanism. Stage is another clinically important tumor characteristic, and while some have reported cigarette smoking to be more strongly associated with late-stage tumors [61, 62] , we observed similar inverse associations for early and late-stage tumors.
Our study has several notable strengths, including the large size of the cohort, availability of detailed smoking variables and known endometrial carcinoma risk factors, and the prospective design which eliminated recall bias as an explanation for our findings. The large number of endometrial carcinoma cases enabled us to evaluate effect modification by other risk factors for the disease, which has been a limitation of previous studies. Limitations of our study included lack of information on other smoking characteristics, including smoking duration, age at initiation, and type of cigarette smoked. Furthermore, we only assessed smoking status at baseline which may lead to misclassification bias if smoking behaviors changed during follow-up. Given the prospective nature of this study, this would likely lead to non-differential misclassification between cases and non-cases which would bias our results toward the null. Despite these limitations, our prospective investigation provides evidence that the cigarette smokingendometrial carcinoma risk relationship is possibly modified by menopausal status, but not other endometrial carcinoma risk factors. Furthermore, we noted consistent effects of cigarette smoking by endometrial tumor characteristics. Taken together, these data suggest that a shared mechanism may contribute to the inverse association between cigarette smoking and endometrial carcinoma risk which should be furthered explored, as this research might inform prevention strategies to reduce endometrial carcinoma incidence.
